Abstract: Our objective was to observe the effects of milk fat substrates (MFS) [acetate combined with long-chain fatty acid (FA)] supplementation on lactation performance and milk FA composition of cows fed an energy-and nutrient-deficient diet. Eight Holstein cows (99 ± 11 d) were averagely assigned to two diets based on either corn stover ( −1 of DM) received carrier during the 6 d infusion period. The differences in milk production, milk yields of fat, and protein between the two diet groups were compensated by MFS infusion (from −3.5 to −1.3, −0.19 to −0.08, and −0.13 to −0.07 kg d −1 , respectively). Infusion of MFS increased the concentrations of 18:2 and 18:3 in milk fat. The results suggested that supplement of MFS could influence milk fat synthesis and lactation performance in cows fed an energy-and nutrient-deficient diet.
Introduction
Changes to the diets of cows can affect the nutrient supply and then affect lactation performance (Boerman et al. 2015) . The roughage quality in a diet is important to milk synthesis due to its effect on rumen metabolism, thereby influencing the secretion of milk components (Zhou et al. 2015) . In addition, milk fat, an important component in milk, is sensitive to dietary variations. Han et al. (2014) reported that cows fed with a diet based on corn stover (CS) produced lower milk fat yield (0.83 kg d −1 ) compared with cows fed a diet based on mixed forages (MFs; 0.94 kg d −1 ). Milk fat synthesis in mammary glands could be regulated by supplement of milk fat substrates (MFS). Plenty of reports showed that increasing the availability of MFS in vivo influenced lactation performance, milk fat synthesis, and fatty acid (FA) composition (Côrtes et al. 2011; Maxin et al. 2011a; Vyas et al. 2012) . Maxin et al. (2011b) summarized the responses of milk fat contents and yields to individual MFS supplement [such as acetic acid or longchain fatty acids (LCFA)] through analysis published data from plenty of studies. They suggested that the responses could be affected by various interfering factors such as the proportion of concentrates in the diets, the stage of lactation, and the experimental design. However, the response of milk fat synthesis to MFS supplement under an energy-and nutrient-deficient diet has not been well studied. Moreover, Maxin et al. (2011b) considered that several MFS might have a combined action on milk fat synthesis. But few studies were conducted to simultaneous infusion of these MFS into cows.
In addition, the previous researches showed that concentrations of short-and medium-chain fatty acids (SMCFA) in milk were decreased by postruminal infusion of linolenic acid into the duodenum (Khas-Erdene et al. 2010) or oleic acid into the abomasum (Drackley et al. 2007 ). However, abomasal infusion of butterfat increased milk fat content and yield, without changing overall content of SMCFA in milk fat (Kadegowda et al. 2008) . These researches suggested that the availability of SMCFA or their precursors might be a limiting factor for milk fat synthesis. However, supplement of FAs shorter than C12:0 tended to show low transfer rates to milk fat because of their rapid metabolism by the liver and other tissues (Davis and Collier 1985) , whereas increasing supplemental acetic acid, which is known as the main substrate for the de novo synthesis of SMCFA in mammary glands (Barber et al. 1997) , increased the secretion of SMCFA in milk (Storry and Rook 1965a; Ørskov et al. 1969) . However, there were few studies that used acetic acid with LCFA as a combined MFS mixture to investigate the response to milk fat. Therefore, our hypothesis was that supplementing LCFA in combination with acetic acid into external pudic artery (EPA) would increase the MFS entering the mammary gland and could cause a positive effect on milk fat in cows fed with an energy-and nutrient-deficient diet. The objective of this study was to investigate the effects of co-infusion of acetic acid and LCFA into EPA on dry matter intake, milk performance, and milk FA composition in lactating dairy cows.
Materials and Methods

Diets, treatments, and experimental design
All of the procedures in our experimental design were approved by the Animal Welfare Department of Inner Mongolia Agricultural University. Eight multiparous Holstein cows (days in milk = 99 ± 11 d) were averagely divided into two groups balanced for dry matter intake (DMI) and milk yield. The two groups were assigned to two different diets with the same forage-to-concentrate ratio (54:46, DM basis): (1) Alfalfa hay, corn silage, and Chinese wild rye as the MF source; (2) CS as the only forage source. The same concentrate was used in both diets (ingredients and chemical composition of the two diets are shown in Table 1 ) which were fed as a total mixed ration (TMR). Corn stover has a lower nutritional level (Zhu et al. 2013 ), a lower effective degradability in the rumen (Zhou et al. 2015) , and a lower crude protein content (Saenger et al. 1982 ) than does MFs. Corn stover in The main FA concentrations in the diets and the oil mixture are shown in Table 3 . The concentration of each FA in the emulsions was determined by estimating the deficiency in the supply of MFS observed in the arterial blood of cows fed with a CS diet as compared with cows fed with a MF diet in previous experiments (data not presented). After allowance was made for small amounts of infusate remaining adhered to the sides of the bottles, the actual amounts of infused fat emulsion were determined to be 72 g d −1 acetate and 180 g d −1 of total LCFA. The vascular catheters (model 7617405, Bard Access Systems, Inc., Salt Lake City, UT, USA) were fitted to the EPA on the 19th day of each preliminary period and removed after each 6 d infusion. Infusion began with the onset of feeding at 0600 and lasted for 6 h. Emulsions were pumped into the EPA using peristaltic pumps (model BT100-1L, LongerPump Co., Ltd., Baoding, People's Republic of China) through silicone tube infusion lines (LongerPump Co. Ltd., Baoding, People's Republic of China). Bottles and infusion needles were disposed after every single use. All the equipment was monitored during the treatment period to ensure the continuity of infusion.
Emulsion preparation
Infusates were prepared as previously described (Lanier et al. 2013 ) with modifications. Soy lecithin was added into 2 L physiological saline as a carrier coarse emulsion. For fat emulsion, soy lecithin was mixed with sodium acetate and oil mixture and then dissolved in 2 L physiological saline. Both the carrier and the MFS coarse emulsion were heated to 75°C in a digitally controlled water bath (model HH-8, Guohua Electric Appliance Co. Ltd., Changzhou, People's Republic of China) with constant stirring (model EUROSTAR 60, IKA, Germany) and then subsequently homogenized into stable emulsions with a homogenizer (model SRH 60-70, Shanghai Samro Homogenizer Co., Ltd., Shanghai, Note: CS, corn stover diet; MF, mixed forage diet; N, no infusion; CSC, corn stover diet plus carrier infusion at the first 3 d of infusion period; MFC1, mixed forage diet plus carrier infusion at the first 3 d of infusion period; MFC2, mixed forage diet plus carrier infusion at the days 4-6 of infusion period; CSF, corn stover diet plus milk fat substrates emulsion infusion at the days 4-6 of infusion period. The proceeding details of the experiment, including experimental days, diets, and treatments. ) in the MF diet, the CS diet, and the mixed oil.
a Comprised glycerol tristearate, safflower seed oil, and flax seed oil.
People's Republic of China) at 17.2 MPa in the first stage and 3.5 MPa in the second stage. After cooling, the homogenized emulsions were adjusted to a pH of 7.25-7.35 with 1 N NaOH and aliquoted into 500 mL bottles. Then, emulsions were autoclaved for 15 min at 121°C. Emulsions were prepared on the day of infusion to ensure freshness and quality of the emulsion.
Animals and sampling
All the cows were housed in a stall barn and allowed to exercise in a dry lot during the preliminary period. Ad libitum water was provided. Blood was extracted from each catheter prior to the onset of infusion to ensure correct catheter placement and patency. Cows were not able to exercise during the infusion period but could stand and lie down at will. Cows were fed twice daily at 0600 and 1800, and the amounts of TMR supplied and refused were weighed and recorded after each feeding. The TMR was sampled each week and immediately dried for analyzing of chemical composition.
Cows were milked twice daily at 0600 and 1800, and the milk yield was recorded daily throughout the experiment. Milk samples from each cow were collected after each milking of the last 2 d of each infusion period. One of two aliquots of each milk sample was stored at −20°C for FA analysis. The other aliquot of the milk sample was stored at 4°C for analyzed of milk composition (model MilkoScan™ Minor, Foss Food Technology Corp., Denmark) and somatic cell count (model Fossmatic™ Minor Foss Integrator, Foss Technology Corp., Denmark). Samples of the emulsions were collected each day before the onset of infusion and stored at −20°C for FA analysis.
Fatty acid analysis
Total milk FAs were extracted and esterified as previously described method (Palmquist and Jenkins 2003) . Fatty acid methyl esters (FAME) were separated by gas chromatography (model 450GC, Varian Inc., Palo Alto, CA, USA) fitted with a flame-ionization detector using an SP-2560 fused silica 100 m × 0.25 mm column with a 0.20 μm film (Supelco Inc., Bellefonte, PA, USA). The oven temperature was initially held at 120°C for 5 min, then increased to 230°C at 3°C min −1 , and held at that temperature for 3 min. The temperature was then increased to 240°C at 1.5°C min −1 and held there for 13 min before being increased to 245°C at 20°C min −1 and held there for 6 min. The injector and detector temperatures were maintained at a constant temperature of 260°C. The split ratio was 1:40, and samples containing methyl esters in hexane (1 μL) were injected. Heptadecanoic acid C17:0 (51633-1G, Sigma-Aldrich Co. LLC) was used as a quantitative internal standard. Each FA peak was identified using the known 37 standards of FAs and the FAME (Nu-Chek Prep, Elysian, MN; Matreya, Pleasant Gap, PA, USA; and Supelco 37 Component FAME mix, Supelco Inc., Bellefonte, PA, USA). The percentage of each FA was calculated by dividing the area under the FA peak (minus the peak area for C17:0) by the sum of the areas under the total reported FAs' peak and were reported as grams per 100 g of FAs.
Statistical analysis
The data were analyzed using the PROC MIXED procedure of SAS (version 9.1, SAS Institute Inc., Cary, NC, USA). The model included the random effect of cows and the fixed effects of treatments, stages, and treatments × stages. The REPEATED statement within the PROC MIXED was used, and the degrees of freedom were determined using the Kenward-Roger method. Multiple comparisons were done using Tukey's adjustment for the probability. Least-squares means were used to define the statistical significance, which are presented with the standard error of the mean (SEM) throughout the paper. Significance was determined to be at P ≤ 0.05, and the tendency was defined as being at P = 0.05-0.10.
Results and Discussion
In this study, MFS were infused directly into the EPA, as that has been reported as the major artery supply of blood and nutrients to the mammary glands (Davis and Collier 1985) . Two main MFS, acetic acid and LCFA, were infused, with the intent of them compensating for the lack of MFS in a relatively poor diet compared with a balanced diet with carrier infusion (CSF vs. MFC2). To investigate the changes in milk performance of cows under different diets and treatments, dynamic data of milk yield and DMI throughout the experiment were analyzed (Figs. 1A, 1B) .
Dry matter intake
The combined daily DMI and related statistics are shown in Table 4 . The daily DMI did not show difference between CSC and MFC1, as well as between CSF (FA infusion) and MFC2 (carrier infusion). It has been shown that DMI can be influenced by postruminal infusion of different chain lengths as well as the degree of unsaturation of LCFA (Drackley et al. 1992) . Moreover, a decrease in DMI had seen as a result of abomasal infusion of most unsaturated C18 FAs. (Christensen et al. 1994) .
However, different ways of supplementing LCFA had produced variable effects on DMI in other reports. KhasErdene et al. (2010) reported that duodenal infusion of linolenic acid (18:3 n-3) from 40 to 160 g d −1 had no effect on DMI, whereas another study showed that increasing the amount of 18:1 supplement to led to a linear decrease of DMI (Jenkins 1999) . A similar decrease in DMI was also noted when a mixture of rapeseed and sunflower oils (containing 42% of 18:1 and 44% of 18:2) was infused into mid-lactation cows, and they found that there might be a negative relationship between DMI and the amount of C18:2 infused through reanalyzing the previously published data (Benson et al. 2001 ). Furthermore, DMI may be affected not only by the specific FA, but also by the form of FA supplementation. For instance, DMI has been decreased to a lesser degree by infusion of soy oil (TG) than by soy FFA (Litherland et al. 2005) .
It has been well known that volatile FA such as acetic acid produced in rumen is the major energy source in ruminant. Moreover, FAs degradation plays an important role in the provision of energy to cows in negative energy balance condition. Furthermore, intraruminal infusion of acetic acid was shown to decrease DMI (Ørskov et al. 1969; Sheperd and Combs 1998) . In our study, DMI decreased in CSF than in CSC numerically. It may, because of the fat infusion (unsaturated LCFA and Fig. 1 . Dynamic changes in milk yield (A) or dry matter intake (DMI) (B) of cows fed a diet based on either corn stover (CS) or mixed forage (MF) throughout the experiment. Data were anaylzed, and least-squares means of diet by day were calculated and presented with standard error in the figure. Days 1-21 is preliminary period. Days 22-24 is the first infusion period which the two diet groups both infused carrier. Days 25-27 is the following infusion period which the CS diet group infused milk fat substrate and the MF diet group infused carrier only. The detail of the experiment design was described in Table 2 . Note: CSC, corn stover diet plus carrier infusion at the first 3 d of infusion period; DMI, dry matter intake; MFC1, mixed forage diet plus carrier infusion at the first 3 d of infusion period; MFC2, mixed forage diet plus carrier infusion at the days 4-6 of infusion period; CSF, corn stover diet plus milk fat substrates emulsion infusion at the days 4-6 of infusion period. The P-value of CSC vs. MFC1 represented the significance between the two diets with carrier infusion, and CSF vs. MFC2 represented the significance between CS diet with milk fat substrates infusion and MF diet with carrier infusion. acetic acid) as an energy source to compensate the energy deficient of the CS diet, therefore decreased the DMI requirement. Further investigation is needed to explain this effect on DMI.
Milk production and milk composition
Data from milk production and milk composition are presented in Table 4 . Milk yield for the CSC tended to lower than that for the MFC1 (P < 0.10). The tendency of difference in milk yield between the CSC and MFC1 is likely due to a deficient energy supply with CS diet. The previous study reported that CS provided inadequate nutrients and energy to support milk synthesis, as a result such diet with CS as the only roughage led to decrease milk production (Zhou et al. 2015) . However, the tendency was no longer presented after MFS emulsion infused to the cows fed with a CS diet (CSF vs. MFC2). This result indicated that MFS infusion might enhance milk production in cows fed an energy-deficient diet. In practice, one of the main purpose of fat supplementation is to increase energy density in diet and subsequently to enhance milk production. However, in the previous studies, the effects of LCFA infusion on milk yield were variable. Increasing amount of LCFA infusion into cows led to a linear decrease in milk yield due to a linear decrease in DMI (Litherland et al. 2005; Drackley et al. 2007 ). Decreased DMI may lead to a deficient energy support to milk synthesis. In the present study, acetic acid might be partly used as an energy source to compensate the lack of energy from the diet and to ensure the output of milk. This presumption was consisted in Maxin et al. (2011b) who suggested that acetic acid infusion mostly represented as an energy supplement and led to an increase in milk yield.
Milk fat content did not show difference in carrier infusion period (CSC vs. MFC1). There was no statistical difference in the milk fat content between the CSF and MFC2, either. There was a tendency that milk fat yield was lower in CSC than that in MFC1, and the result was consisted in the previous research which reported a MF diet produced a higher milk fat yield compared with a CS diet (Han et al. 2014) . However, MFS infusion showed no difference between CSF and MFC2. To our knowledge, the most variable component in milk of ruminant is milk fat, which has been shown to be subject to manipulation (Sutton 1989; Jenkins 1998; Bauman and Griinari 2001) . Abomasal infusion of the mixture of rapeseed and sunflower oils increased milk fat content and yield in mid-lactation dairy cows (Benson et al. 2001 ). However, the other studies did not observe such changes in milk fat content by LCFA infusion (Drackley et al. 1992; Christensen et al. 1994) , which were consisted in our results. Milk fat responses to LCFA infusion were variable in the literature studies and influenced by plenty of factors which included the variable change in DMI or the stage of lactation (Khas-Erdene et al. 2010) . In addition, ruminal infusion of acetic acid was reported to have more positive effects on milk yield than on milk fat synthesis (Maxin et al. 2011b) . It may indirectly explain the effects of acetic acid supplement to cows fed with a nutrient-deficient diet on the milk yield and milk fat yield in the present study.
Milk fat substrates infusion did not alter milk protein content between CSC and MFC1, as well as between CSF and MFC2. Further investigation is needed to explain the reason of this unchanged milk protein content between CSC and MFC1 because milk protein synthesis might be affected by various factors such as dietary CP content, dietary amino acid composition, and supply of MP. The previous study reported that LCFA supplementation had a negative effect on milk protein content (Wu and Huber 1994) . However, milk protein content was not affected by abomasal infusion of unsaturated-free FA or triglyceride (Litherland et al. 2005) , which was similar to the present result. Although the milk protein content showed no difference between CSC and MFC1, the milk protein yield was lower in CSC than in the balance diet treatment (MFC1). This response is likely due to a higher milk yield in MFC1. Additionally, milk protein synthesis is also a highly energy consuming process (Hanigan and Baldwin 1994 ). An alternate explanation was that the CSC has a lower energy support than the MFC1, which might lead to a lower synthesis of milk protein. Moreover, the difference was disappeared after MFS infusion (CSF vs. MFC2) in the present study. As reported in the previous study (Safayi and Nielsen 2013) , acetic acid in mammary glands was not only utilized as a substrate for the de novo synthesis of SMCFA, but also oxidized and used in the generation of ATP. The result in the present study suggested that the amount of acetic acid infusion (as in CSF) might contribute to provide ATP to support mammary to be able to synthesize a similar milk protein yield as seen in MFC2. The MFS supplement compensated the difference in milk lactose content and yield between CSC and MFC1, although there were few studies reported that MFS infusion had a response in milk lactose.
Milk fatty acids
The composition of milk FAs is given in Table 5 and their daily yields are shown in Table 6 . The contents of 18:0 and cis-9 18:1 were not affected by MFS infusion compared with MFC2. As expected, the infusion of MFS led to significantly increased contents and yields of C18:2 n-6c and 18:3 n-3. Contents and yields of C18:0 and C18:1 were not changed by the infusion of the MFS emulsion most likely due to the relatively small amounts of these two FAs in the infusate. The previous study showed that 460 g d −1 of 18:0 infused into cows only led to a slight increase in 18:0 in milk fat (Enjalbert et al. 2000) , and this was explained by a low transfer efficiency of 18:0 from the infusion to the milk. The content of 18:2 n-6c was increased numerically by approximately 4.47% after the infusion of the MFS emulsion in the present study. This result was similar to the previous study in which the proportion of 18:2 in milk was increased by a similar amount after abomasal infusion of 200 g d −1 soy oil (consisting of 52.4% of 18:2; Litherland et al. 2005) . However, in contrast to this result, Christensen et al. (1994) showed that abomasal infusion of free 18:2 led to a greater increase (>8%) in the proportion of 18:2 in milk. The difference between the two experiments may be attributed partly to the form of LCFA in the infusate or to the experimental design (particularly, the number of the day exposure to the infusion). In addition, another study showed that flaxseed supplementation in diet increased 18:2 in plasma and accompanied by an increase of C20:4 in milk (He et al. 2011) . Similarly, in the present study, the content of 20:4 in milk fat was increased by MFS infusion, either compared with MFC2 or indirectly compared with CSC. The result might reflect that high plasma concentration of C18:2 could be the precursor for the process of elongation and desaturation to C20:4 (He et al. 2011) .
The content and yield of C16:0 showed no difference by MFS infusion, and the content and yield of the de novo synthesis of FAs (<16:0 in length) in milk were also not changed by the infusion. Dietary supplementation of 4% soybean oil had been reported to decrease the content of SMCFA in milk fat with no effect on overall milk fat content (Bu et al. 2007 ). Postruminal infusion of LCFA, either through duodenal infusion of linolenic acid (Khas-Erdene et al. 2010) or through abomasal infusion of linoleic acid (Litherland et al. 2005) , had also shown to alter the FA profile of milk fat by decreasing content of SMCFA. The mechanism of the observed decrease in SMCFA may be the supplementation of LCFA inhibited the activity and expression of the enzymes involved in the de novo synthesis of FA in the mammary gland (Grummer 1991; Baumgard et al. 2002; Vyas et al. 2012) .
Butterfat infusion, which contained all the FAs (including LCFA and SMCFA) in milk fat, showed no change in the content of SMCFA and C16:0 (Kadegowda et al. 2008) , which was consisted in our results. In addition, acetic acid, which has been reported as the main substrate for the de novo synthesis of SMCFA (Barber et al. 1997) , may reflect the process of de novo synthesis in mammary. Intraruminal infusion of acetic acid in cows increased secretion of SMCFA (Storry and Rook 1965a; Ørskov et al. 1969) . Similarly, intravenous infusion of acetate for a period of 3-5 d led to an increase in milk fat yield largely through an increased yield of palmitic acid (Storry and Rook 1965b) . Different from our study, these studies infused acetic acid without in combination with LCFA. Besides, these investigations were performed under a balance diet condition which was different from Note: CSC, corn stover diet plus carrier infusion at the first 3 d of infusion period; MFC1, mixed forage diet plus carrier infusion at the first 3 d of infusion period; MFC2, mixed forage diet plus carrier infusion at the days 4-6 of infusion period; CSF, corn stover diet plus milk fat substrates emulsion infusion at the days 4-6 of infusion period. The P-value of CSC vs. MFC1 represented the significance between the two diets with carrier infusion, and CSF vs. MFC2 represented the significance between CS diet with milk fat substrates infusion and MF diet with carrier infusion. our study because CS diet was used as an energy-and nutrient-deficient diet. The results in our study could suggest that acetic acid infusion in combination with LCFA has no negative effect on SMCFA with an energyand nutrient-deficient diet feeding.
Conclusion
Under an energy-and nutrient-deficient diet condition, infusion of MFS emulsion could increase milk fat yield and influence lactation performance in dairy cows. Acetate infused in combination with LCFA altered milk fat composition but did not influence the content and yield of milk SMCFA. Note: CSC, corn stover diet plus carrier infusion at the first 3 d of infusion period; MFC1, mixed forage diet plus carrier infusion at the first 3 d of infusion period; MFC2, mixed forage diet plus carrier infusion at the days 4-6 of infusion period; CSF, corn stover diet plus milk fat substrates emulsion infusion at the days 4-6 of infusion period. The P-value of CSC vs. MFC1 represented the significance between the two diets with carrier infusion, and CSF vs. MFC2 represented the significance between CS diet with milk fat substrates infusion and MF diet with carrier infusion.
